Ecological speciation occurs when populations evolve reproductive isolation as a result of divergent natural selection. This isolation can be influenced by many potential reproductive barriers, including selection against hybrids, selection against migrants and assortative mating. How and when these barriers act and interact in nature is understood for relatively few empirical systems. We used a mark-recapture experiment in a contact zone between lake and stream three-spined sticklebacks (Gasterosteus aculeatus, Linnaeus) to evaluate the occurrence of hybrids (allowing inferences about mating isolation), the interannual survival of hybrids (allowing inferences about selection against hybrids) and the shift in lake-like vs. stream-like characteristics (allowing inferences about selection against migrants). Genetic and morphological data suggest the occurrence of hybrids and no selection against hybrids in general, a result contradictory to a number of other studies of sticklebacks. However, we did find selection against more lake-like individuals, suggesting a barrier to gene flow from the lake into the stream. Combined with previous work on this system, our results suggest that multiple (most weakly and often asymmetric) barriers must be combining to yield substantial restrictions on gene flow. This work provides evidence of a reproductive barrier in lake-stream sticklebacks and highlights the value of assessing multiple reproductive barriers in natural contexts.
Introduction
Ecological speciation is increasingly recognized as an important mechanism generating Earth's biodiversity (Funk et al., 2006; Nosil, 2012; Shafer & Wolf, 2013; Faria et al., 2014) . In this process, reproductive isolation evolves between populations as a result of ecologically based divergent selection Rundle & Nosil, 2005; Nosil, 2012) . However, some authors have expressed reservations as to the ubiquity and power of ecological speciation (e.g. Coyne & Orr, 2004; Hendry, 2009 Hendry, , 2016 Rundell & Price, 2009; Svensson, 2012) . One source of this uncertainty is that a number of systems putatively undergoing ecological speciation have yet to be characterized in terms of their ecologically based reproductive barriers. Identifying these barriers is a key to clarifying the prevalence of ecological speciation. The potential barriers are many, including natural and sexual selection against migrants, habitat choice, differences in reproductive timing (allochrony), and natural and sexual selection against hybrids (Coyne & Orr, 2004; Nosil, 2012) . These and other potential barriers differ in many aspects: when they act during reproduction (early-acting barriers can be more important), the ease with which they can evolve (depending on recombination rates, population size and levels of genetic variation, among others), the extent to which they ultimately generate total and irreversible isolation (the most likely being intrinsic genetic incompatibilities) and in many other properties critical to speciation (Coyne & Orr, 2004; Nosil, 2012) . As a result, identifying barriers to reproduction in natural systems is an Correspondence: Dieta Hanson, Redpath Museum and Department of Biology, McGill University, 859 Sherbrooke St. W., Montreal, QC H3A 0C4, Canada. Tel.: +1 514 398 0856; fax: +1 514 398 3185; e-mail: dieta.hanson@mail.mcgill.ca important area of research needed to advance our understanding of ecological speciation (Schluter, 2001; Nosil, 2012; Faria et al., 2014) .
Many of the potential reproductive barriers during ecological speciation can only be assessed in nature when the diverging groups (populations, incipient species or established species) come into contact with each other or the divergent environment, with the most obvious such barriers being natural and sexual selection against migrants and hybrids. Thus, studies of reproductive barriers between populations that do not naturally encounter such situations often bring the different groups into the laboratory (e.g. Honma & Tamura, 1984; Nosil et al., 2002; Boughman et al., 2005; Langerhans et al., 2007; Lowry et al., 2008; Castillo et al., 2015) . Although such studies have revealed many strong reproductive barriers Nosil, 2012) , they are always open to the criticism that barriers in the laboratory might bear little resemblance to barriers in nature. An improvement is to create situations of artificial contact with divergent populations or environments in more natural settings, such as enclosures in the wild or mesocosms (e.g. Via et al., 2000; Hendry et al., 2002; Thorpe et al., 2005; Schwartz et al., 2010; Moser et al., 2016) . Although such experiments are undoubtedly closer to the natural situation, they remain attended by questions of realism, such as how many and when individuals are moved and the artificiality of experimental arenaseven in nature. Thus, investigators have long sought, and often profitably employed, regions of natural (unmanipulated) overlap between populations and environments.
Contact zones, where groups undergoing putative ecological speciation naturally encounter one another and have the opportunity to interbreed, provide a situation in which reproductive barriers can be effectively studied in nature. By working with contact zone populations, investigators can assess various reproductive barriers, such as selection against migrants, the natural production of hybrids and selection acting against hybrids. For instance, contact zones have been used to document natural hybridization followed by selection against hybrids in a diverse array of taxa, including plants (Tastard et al., 2012; Hopkins et al., 2014; Lindtke et al., 2014 ), invertebrates (Rol an-Alvarez et al., 1997 Toro et al., 2004) , amphibians (Alexandrino et al., 2005) and mammals (Shurtliff et al., 2014) . Contact zones in which hybrids occur are particularly useful because they include populations that have not completed speciation, and are instead intermediate on the continuum from panmictic to completely isolated species ). Furthermore, as opposed to those created artificially, natural hybrids will not be subject to genotype-by-environment interactions during development in a laboratory that may produce phenotypes unlike those encountered in nature and thus are more valuable for understanding natural processes. In this study, we sought to employ the power of a natural contact zone between genetically divergent threespined sticklebacks (Gasterosteus aculeatus, Linnaeus) populations to test for some of the reproductive barriers that might be contributing to restricted gene flow in parapatry.
Three-spined sticklebacks are commonly used for studying ecological speciation owing to their repeated colonization of different environments, followed by adaptive divergence into 'ecotypes' that show varying degrees of reproductive isolation (McKinnon & Rundle, 2002; Hendry et al., 2009) . Our specific focus is on lake and stream ecotype pairs, where genetic markers have revealed restricted gene flow in parapatry in many independent watersheds (Hendry et al., 2002; Hendry & Taylor, 2004; Berner et al., 2009; Kaeuffer et al., 2012; Ravinet et al., 2013; Roesti et al., 2015) . Despite these, sometimes large genetic differences on even very small spatial scales, ecologically based reproductive barriers have proven hard to identify. Mate choice (Raeymaekers et al., 2010; R€ as€ anen et al., 2012) and allochronic isolation (Hanson et al., 2016) are two barriers that seem to be entirely absent. Selection against migrants appears to be asymmetric and at least sometimes very weak (Hendry et al., 2002; R€ as€ anen & Hendry, 2014; Moser et al., 2016) . Habitat selection is important in at least one system Jiang et al., 2015) , but its generality is unknown. Faced with this lack of clear consensus, we here consider natural selection against hybrids, one of the most important ecologically based reproductive barriers in many taxa (Coyne & Orr, 2004; Nosil, 2012) .
Several a priori reasons exist to suspect selection against hybrids, as work on other stickleback systems has shown. For example, in freshwater-anadromous pairs, Jones et al. (2006) found very low gene flow despite the presence of hybrids and interpreted this pattern to mean that post-zygotic barriers such as selection against hybrids must be at least as important as prezygotic barriers. Similarly, many studies have shown that benthic-limnetic stickleback hybrids typically show inferior growth rates to the locally adapted pure type in each parental habitat (review: Hendry et al., 2009 ; but see Taylor et al., 2012) . Correspondingly, the frequency of benthic-limnetic hybrids in lakes has been shown to decrease through the life cycle, suggesting that hybrids suffer a survival disadvantage . Finally, environmental change that reduced selection against hybrids contributed to the collapse of the Enos Lake benthic-limnetic pair (Behm et al., 2010) . This evidence from other stickleback systems makes it reasonable to suppose that lake-stream hybrids might also suffer a fitness disadvantage.
Several previous studies have considered lake-stream hybrids but were largely restricted to laboratory-raised fish. First, intrinsic genetic incompatibilities that would prevent the production of hybrids do not appear significant in some populations (Lavin & McPhail, 1993; Hendry et al., 2002) . Second, although hybrids show intermediate mating behaviours in the laboratory, they do not appear to suffer a mating disadvantage (Raeymaekers et al., 2010) . Third, artificial crosses have found that hybrids are generally intermediate between the lake and stream ecotypes with respect to genetically based morphological traits (Hendry et al., 2002; Berner et al., 2011) , which suggests that they would suffer ecologically based survival deficits in nature. Moving closer to nature, laboratory-reared F1 hybrids released into stream field enclosures had survival rates intermediate to pure stream and lake ecotypes (Moser et al., 2016) , although similar experiments in the lake would be needed to test for the ecological dependency of this effect. Finally, classic work found that morphological lake-stream hybrids are rare in nature (Reimchen et al., 1985; Lavin & McPhail, 1993) . In short, previous work on lake-stream sticklebacks has left open the question of the importance of selection against hybrids as an ecologically based reproductive barrier, especially as no studies have examined the fate of hybrids in nature.
We studied lake and inlet stream sticklebacks in the Misty system on northern Vancouver Island, British Columbia, Canada. Despite their very close physical proximity (parapatry), these two populations exhibit many genetically based phenotypic differences that indicate strong adaptive divergence (Lavin & McPhail, 1993; Hendry et al., 2002 Hendry et al., , 2011 Sharpe et al., 2008; Berner et al., 2009; Kaeuffer et al., 2012; Oke et al., 2016) . They also exhibit high neutral genetic divergence indicative of strong reproductive isolation (Thompson et al., 1997; Hendry et al., 2002; Moore et al., 2007; Kaeuffer et al., 2012) . Yet the specific reproductive barriers driving this distinction have been, as summarized above, hard to establish. The lake and inlet stream environments in the Misty system are highly distinct (Moore et al., 2007; Kaeuffer et al., 2012) , but meet where the stream divides into narrow, deep channels that cut a grass-dominated marsh before emptying into the lake. Within this environment, we use morphology and genetics to first test whether hybrids are indeed presentindicating natural hybridization. We then use a mark-recapture experiment to estimate survival and ask whether selection acts against these hybrids. Finally, we attempt inferences about the specific nature of selection using temporal shifts in the lake-like vs. stream-like genetic and morphometric properties of contact zone fish.
Materials and methods
In 2009, we set minnow traps in the channels that lead from the inlet stream (hereafter 'stream') to the lake to determine whether a contact zone existed. We found many sticklebacks in a location approximately 40 m into the marsh from the edge of the lake (Fig. 1 ). On 16 May 2009, we intensively trapped fish in this location. Young-of-the-year and gravid females were immediately released and were not included in the study. We used a Nikon D100 digital camera to photograph the left side of unanaesthetized fish placed on a 1-cm grid for geometric morphometric quantification of body shape. All fish were then immediately released. Analyses of the photographs (details below) revealed that the fish at this location were morphologically intermediate between lake and stream fish, which thus motivated the rest of this study.
Our next sampling period was 14-18 July 2014. Minnow traps were used to sample sticklebacks from the lake, the stream and the contact zone. The lake sample (50°36 0 19″N, 127°16 0 9″W) was taken 850 m distant from the lake edge of the contact zone, and the stream sample (50°36 0 8″N, 127°15 0 8″W) was taken 600-m upstream from the stream edge of the contact zone ( Fig. 1) . The contact zone sample was taken at the same location as in 2009 and spanned a linear distance of approximately 60 m. Young-of-the-year and gravid females were immediately released and were not included in the study. For all other fish, we clipped the left pelvic spine to obtain tissue for genetic analysis and to mark fish for mark-recapture analysis. For a subset of these fish, we photographed their left side (unanaesthetized) on a 1-cm grid with a Canon G11 digital camera. Fish that were recaptured during this initial sampling period (i.e. already had a left-side pelvic clip) were noted and released, but a second clip or photograph was not taken. Immediately after processing, all fish were returned to the location from which they were captured.
Our final sampling period took place on 10-13 May 2015 at the same contact zone location as in 2014. During this sampling period, we clipped the right pelvic spine and photographed the left side of all captured fish using the same methods as in 2014. Fish that had a left-side clip were noted as '2015 recaptures' and processed as normal (i.e. clipped on right side and photographed). Pelvic spine clips remain clearly visible over more than a year, and this marking approach has been used in previous work (Hagen, 1967; Reimchen, 1992; Hendry et al., 2002) . Fish that were recaptured during the sampling period (i.e. already had a right-side clip, with or without a left-side clip) were recorded, but a new spine clip or photograph was not taken.
We used geometric morphometrics to obtain bodyshape variables for each photographed fish: 50 from the lake, 50 from the stream and 572 from the contact zone across all years. We used the R package geomorph (Adams & Ot arola-Castillo, 2013) to digitize 14 landmarks ( Fig. 2 ) previously used on sticklebacks under similar conditions: that is, live and unanaesthetized (Rolshausen et al., 2015) . These landmarks were aligned using a generalized Procrustes analysis (GPA) to obtain 28 aligned Procrustes residuals. These residuals were then used in a principal components analysis (PCA) to summarize and visualize the shape variation. The third principal component (PC3) clearly described body depth variation (see Results), a key external trait that typically discriminates lake and stream sticklebacks (e.g. Reimchen et al., 1985; Aguirre, 2009; Berner et al., 2009; Kaeuffer et al., 2012) . To evaluate whether our samples revealed similar patternsand for the relative position of contact zone fishwe analysed PC3 in a two-factor ANOVA with habitat (lake, stream, contact zone), year and the interaction as fixed effects, followed by Tukey's tests.
We next used the first 24 nonzero PCs (i.e. those that explained < 0.01% of the total variation) to perform a linear discriminant analysis (LDA) on the pure lake and stream fish (i.e. fish from the lake and stream sites), thus obtaining a morphological axis (LD1) that maximally separates lake and stream fish. Leave-one-out cross-validation was used to confirm the success of this separation in our data set. We then generated scores for each of the contact zone fish on this lake vs. stream LD1 axis. The morphological basis (i.e. dependence on body depth) of this axis was examined by calculating the Pearson's product-moment correlation between LD1 scores and PC3 scores for the contact zone fish. These scores were then compared between contact zone fish and pure-type fish (lake and stream) in a Kruskal-Wallis rank-sum test followed by Mann-Whitney U-tests (LD1 had a non-Gaussian distribution in some samples). We also used the maximum a posteriori probability to classify fish as lake or stream based on their LD1 scores, in order to determine whether fish in the contact zone were more lake-like or more stream-like.
We used the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) to extract DNA from the spine clips of 29 lake and 29 stream fish. These samples provided a genetic reference sample for pure lake and pure stream fish, which have previously been shown to be very genetically distinct in the Misty system, indicating restricted gene flow: F ST = 0.129-0.157 (Hendry et al., 2002) , mean F ST = 0.126 (Moore et al., 2007) , mean neutral F ST = 0.121 and mean selected F ST = 0.275 (Kaeuffer et al., 2012) . We also extracted DNA from (i) all 17 fish that had been marked in 2014 and recaptured in 2015 ('2015 recaptures') and (ii) a random sample of 39 fish captured in 2014, which provided appropriate power to detect differences from the 2015 recaptures.
Extracted DNA was amplified using the Qiagen Multiplex PCR kit (Qiagen, Hilden, Germany) and following the manufacturer's protocol in a multiplexed PCR for the microsatellite loci STN321, STN246, STN232 and STN168 (Peichel et al., 2001) . These specific loci were chosen because previous work had shown that they have nonoverlapping allele sizes between lake and stream fish from the Misty system and thus efficiently differentiate between the two populations (Kaeuffer et al., 2012) . Indeed, with only these four loci, we had an excellent ability to do so in our samples (see Results). The PCR products were sized on an ABI 3730xl DNA Analyzer (Applied Biosystems, Waltham, MA, USA), and peaks were called on Geneious 8.1.6 (Biomatters, San Francisco, CA, USA).
We first analysed the allele scores for all fish together in the program STRUCTURE (Pritchard et al., 2000) . To determine the most likely number of genetic clusters (K), we ran five simulations each of K = 1-5 with a 25 000 repetition burn-in period followed by 300 000 further repetitions. We used correlated allele frequencies and the locprior model (locations were lake, stream or contact zone), although similar results (not shown) were obtained when not using locprior. We then used Structure Harvester (Earl & vonHoldt, 2012) to determine the most likely K value for our data based on the Evanno et al. (2005) criteria. Having established that the most likely number of clusters (K) was two (see Results), we ran another simulation with K = 2 and the same model parameters as before to determine, for each individual, the proportion of ancestry from the lake cluster (q L ) and thus also the stream cluster (1Àq L ). The q L values were then used to calculate a hybridity index for each individual as h = 0.5À|0.5Àq L |, which ranges from 0 for pure types (i.e. pure lake or pure 
stream) to 0.5 for F1 hybrids . Due to the low number of markers used to calculate q L , we simulated F1, F2 (F1 9 F1), lake backcross (F1 9 lake) and stream backcross (F1 9 stream) hybrids to determine the expected range of q L values for fish with those genetic backgrounds (see Appendix S1). We also simulated pure-type crosses (i.e. stream 9 stream and lake 9 lake) to approximate variation in q L for those populations. Finally, to determine whether individuals that were intermediate genetically were also intermediate morphologically, we calculated the Pearson's product-moment correlation between LD1 scores and q L values for the contact zone fish for which we had both types of data.
We tested for selection against hybrids in several nonparametric tests. First, we used a one-tailed Mann-Whitney U-test to examine whether mean h decreased from the random sample of 39 contact zone fish marked in 2014 to the 17 fish recaptured in 2015. Second, we used a two-tailed Mann-Whitney U-test to determine whether q L differed between these two samples. Finally, we used a two-tailed Mann-Whitney U-test to see whether morphological LD1 scores differed between the 2014 random sample and the 2015 recaptures. This included all fish that had been photographed even if they had not been genotyped.
Results
In the contact zone, we caught 148 fish in 2009, 360 fish in 2014 and 211 fish in 2015. In this last sample, 17 fish were recaptures from 2014. The between-year recapture rate in the contact zone between 2014 and 2015 was thus 4.7%. We suggest that these recaptured fish likely included nearly all of the marked 2014 fish that were still alive and present in the contact zone in 2015. First, the recapture of 2014-marked fish in 2015 decreased from 10.1% on the first day (eight recaptures/79 total fish) to 2.9% on the last day (one new recapture/35 total fish). Second, the within-season recapture rate in 2015 (fish captured, released and recaptured in 2015) increased from 2.5% on the first day (two recaptures/79 total) to 28.6% on the last day (10 recaptures/35 total). Consequently, further sampling in 2015 would not have resulted in a significant number of additional 2015 recaptures and would instead have been composed mostly of within-season recaptures. Similarly, we could not have marked many additional fish in 2014 because capture rates of new fish declined dramatically during our sampling period (from 175 unique fish captured the first day to 13 unique fish on the fifth and final day). In short, the contact zone population is rather small; hence, our samples, while modest in absolute number, are likely a substantial proportion of the population of interest.
The first two PCs from the PCA on Procrustes residuals described shape changes that were dominated by bending and roll of the fish, which results from taking photographs of live fish in the field. However, the third PC, which accounted for 12.7% of the total shape variation, predominantly described variation in body depth (Fig. 3) , which previous studies of the Misty system have shown to be genetically based (e.g. Sharpe et al., 2008; Berner et al., 2011; Oke et al., 2016) and associated with correlates of fitness such as survival (e.g. Rolshausen et al., 2015) . Furthermore, PC3 reflected body depth differences along the entire body length and is therefore a more complete measure of body depth variation than a single univariate measurement. Like those previous studies, we found that body depth (PC3) differed strongly between the three habitats (F 2,667 = 71.156, P < 0.001, g 2 = 0.189). Post hoc Tukey's tests showed that the contact zone fish were intermediate to, and significantly different from, both pure types (lake contact: P = 0.002, stream contact: P < 0.001).
The LDA effectively discriminated between lake and stream fish; leave-one-out cross-validation resulted in a misclassification rate of only 3% (one lake fish misclassified as a stream fish and two stream fish misclassified as lake fish). LD1 was strongly correlated with PC3 for the contact zone fish (r = 0.66, t 570 = 21.099, P < 0.001), suggesting that body depth was the main aspect by which fish were discriminated on LD1. The contact zone fish were intermediate to, and different from, both lake (Mann-Whitney U = 22 566, Fig. 3 Violin plots for scores on PC3 for all photographed fish. For each group, white points represent the median, thick black lines the interquartile range, thin black lines 1.5 times the interquartile range, and grey area the kernel density estimation of the data distribution. Deformation grids along the x-axis display the change in shape from the mean (grey outlines) to the most extreme individuals on PC3 (black outlines). 
P < 0.001) and stream fish (Mann-Whitney U = 1630, P < 0.001) on LD1 (Fig. 4) . Although intermediate, the contact zone fish were more often lake-like than stream-like, with the maximum a posteriori probability for 405 being to the lake and only 167 being to the stream. Structure Harvester identified the most probable number of genetic clusters as two. Using K = 2, the lake and stream populations were highly differentiated from each other, with only two fish having < 90% ancestry from their respective clusters (Fig. 5 ). Both of these fish, which had 86.4% and 69.1% lake ancestry, were collected from the lake. The contact zone had a mixture of nearly pure types and apparent hybrids (including backcrosses), with per cent ancestry from the lake cluster (q L ) ranging from 13.2% to 94.9%. Mean lake ancestry in the contact zone was 68.2%, indicating again that contact zone fish were on average more lake-like than stream-like. Ranges of q L values for simulated hybrids were 26.3-66.1% for F1s, 11-82.1% for F2s, 38.4-95.6% for lake backcrosses and 7.6-66.6% for stream backcrosses (Fig. S1) ; all of the contact zone fish therefore had q L values within the expected range for hybrids. Furthermore, the range of q L values for the simulated pure types was 91.1-99.0% for pure lake and 0.2-1.7% for pure stream; 28 of the 39 contact zone fish therefore had q L values outside those ranges. Hybridity (h) in the contact zone fish ranged from 0.05 to 0.49, with a mean value of 0.22. By contrast, mean hybridity in the lake was h = 0.03, and in the stream, it was h = 0.02 (Fig. 4) . The positions of contact zone fish on the lake-stream morphological axis (LD1) were correlated with their positions on the lake-stream genetic axis (q L ) (r = À0.49, t 51 = À3.998, P = 0.0002) (Fig. 6) . Thus, hybrids (inferred genetically) were indeed morphologically intermediate, and either type of data was quite predictive of the other type of data.
Hybridity tended to increase and q L to decrease between the random sample of 2014 contact zone fish and those recaptured in 2015 (W = 269.5, P = 0.1365; W = 434.5, P = 0.068, respectively). These results suggest the possibility of higher survival for hybrids and those fish with a higher proportion of stream ancestry (1Àq L ) (Fig. 4 ). This last conclusion was further supported by the significant increase in LD1 scores (towards stream-like morphology) between the 2014 random sample and the 2014 fish that were recaptured in 2015 (W = 570, P < 0.001) (Fig. 4) . For LD1 scores, some 2015 recaptures had scores outside the range of the 2014 marked sample, likely due to the fact that not all fish were photographed in 2014.
Discussion
Our genetic and morphological data show that the Misty lake-stream contact zone has a mixture of almost pure lake and stream fish and also intermediate individuals. We infer that some of these intermediate fish are hybrids, which indicates that lake and stream fish are successfully mating in nature where they come into contact: that is, assortative mating appears incomplete. However, hybridity did not decrease over a year of life, suggesting that selection against hybrids in general is not occurring (but see alternatives below). Although generally intermediate, fish in the contact zone tended to be more lake-like than stream-like in terms of both morphology and genetics. However, this tendency decreased over the course of 1 year, suggesting selection against more lake-like individuals.
Interbreeding
The existence of hybrids in the contact zone indicates frequent successful interbreeding between lake and stream fish. This finding echoes previous laboratorybased studies that reported no evidence of mating isolation between these populations (Raeymaekers et al., 2010; R€ as€ anen et al., 2012) . We do not know the actual frequency of mating between the two ecotypes, and so we cannot address whether some partial assortative mating might be presentbut it does not appear to be a substantial reproductive barrier. This result contrasts with work on other stickleback systems that does show positive assortative mating between ecotypes (Rundle et al., 2000; McKinnon et al., 2004) , and suggests that adaptation to lake and stream environments may not lead to mating isolation as a by-product of such adaptation. One likely candidate for these different results across systems relates to the differential potential for the evolution of reinforcement. First, the lack of selection against lake-stream hybrids demonstrated here (see also Raeymaekers et al., 2010) might mean that positive assortative mating is not under positive selection. Second, the contact zone is quite narrow in relation to the greater lake and stream environments such that any selection for reinforcement might be swamped by movement from the adjacent gene pools that do not experience such selection.
Hybrid selection
We did not find selection against hybrids overall in the contact zone, which again contrasts with studies of other stickleback systems arguing for ecologically based selection against between-ecotype hybrids in nature (Vamosi et al., 2000; Jones et al., 2006; Gow et al., 2007) . Several factors might explain this result. First, our sample sizes were quite low (because the total number of fish was low) and although we believe we caught most of the marked fish still present in the area where they had been released in 2014, it is possible that others may have migrated to other areas of the contact zone or into the lake/stream. However, the trend was for hybrids to increase, not decrease, and there is very little evidence of admixture outside of the contact zone, as would be expected if a substantial percentage were leaving the recapture area. Second, we considered selection only on individuals that were at least 1 year of age, whereas selection against hybrids might well occur earlier, as has been found for benthic-limnetic hybrids (Vamosi et al., 2000; Gow et al., 2007 ; but see Taylor et al., 2012) . Third, our genetic data and sample sizes were not sufficient to partition hybrids into different classes (e.g. F1, F2 and backcrosses). If selection varies across these classes, we may be failing to detect stronger selection acting on some classes because it is averaged with potentially weaker selection in other classes (Arnold & Hodges, 1995) . 
Fitness differences between hybrid classes could be due to the breakdown or creation of genetic interactions influencing the trait under selection (Czesak et al., 2004; Fritz et al., 2006; Fuller, 2008) . Indeed, we found an upwards shift in h values between 2014 and recaptured 2015 fish (Fig. 4) , which may reflect selection against 'deeper' (i.e. backcross) hybrids in favour of more recent hybrids. Fourth, the contact zone might be ecologically intermediate between the lake and the stream environments, in which case intermediate phenotypes actually might be favoured (Coyne & Orr, 2004; Rundle & Nosil, 2005; Taylor et al., 2012) . This would suggest that the contact zone is maintained by ecological selection against parental migrants (ecotonal hybrid zone) as opposed to selection against hybrids (tension zone) (Rol an-Alvarez et al., 1997; Dorken & Pannell, 2007) . Following this last point, very few hybrids were detected outside of the contact zone, and we found no evidence of appreciable admixture in the stream and only very slight admixture in the lake. This pattern could reflect three phenomena. First, the number of hybrids generated in the contact zone could be a very small proportion of the lake and stream populations. Therefore, even if they move freely to and survive well in the lake or stream, they would have a small chance of being detected and contribute little to gene flow. Second, hybrids might rarely move into other environments. For instance, habitat preference has been demonstrated in another lake-stream pair and is due in part to differences in rheotactic response Jiang et al., 2015) . Thus, testing the rheotactic responses and habitat preferences of the contact zone fish would be a valuable future experiment. Finally, hybrids might be selected against outside of the contact zone where their intermediate morphology (confirmed to be genetically based: Berner et al., 2011) is poorly suited for either environment. Such a result would be concordant with evidence that F1 hybrids have lower survival than native stream fish in stream field enclosures in Switzerland (Moser et al., 2016) , although further tests in the lake environment are needed to determine whether this effect is ecologically dependent. Furthermore, the slightly higher level of admixture in the lake could suggest that selection against hybrids is stronger in the stream than it is in the lake. This scenario is supported by the predictions made by Berner et al. (2011) that selection against hybrids should be stronger in the stream than in the lake because hybrids tend to be more lake-like in body depth. Further work will be needed to disentangle these possibilities.
Selection against lake-like individuals
Selection against migrants is thought to be a very important reproductive barrier in young species pairs undergoing ecological divergence (Hendry, 2004; Nosil et al., 2005; Thibert-Plante & Hendry, 2009) . A previous experimental one-way transplant in the Misty system suggested strong selection against lake fish in the stream (Hendry et al., 2002) , but reciprocal enclosure transplants yielded more ambiguous outcomes (Hendry et al., 2002; R€ as€ anen & Hendry, 2014) . The current results provide an additional perspective. In particular, individuals in the contact zone tended to be more lakelike, both morphologically and genetically, perhaps because the lake population is very large and stream fish tend not to move downstream (Hendry et al., 2002; Bolnick et al., 2009; Jiang et al., 2015) . Interestingly, however, this lake-like bias decreased over a 1-year period, suggesting that more lake-like individuals had lower survival in the contact zone.
This selection against lake-like fish in the contact zone could reflect the intersection of two phenomena. First, laboratory studies have shown that Misty hybrids (F1s, F2s and backcrosses) tend to be more lake-like than stream-like in body depth due to genetic dominance (Berner et al., 2011) . Second, we postulate that the contact zone is more stream-like than lake-like in its environmental features. As noted earlier, the contact zone is a marshy environment cut with narrow, lowflow channels and hence having a relative scarcity of open water. Sustained swimming in open water while foraging on zooplankton is thought to be the main agent of selection for streamlined, shallow bodies in lake fish Hendry et al., 2011) . Thus, we propose that lake-like individuals are experiencing stronger negative selection in the contact zone than are stream-like individuals, because the environment is more stream-like. The ideal experiment to address these suppositions would be to track the fate of hybrids transplanted into the stream (e.g. Moser et al., 2016) and lake environments, whichowing to logistical and ethical considerationswould have to take place in experimental enclosures. Finally, it is possible that the decrease in lake-like characteristics reflects random year-to-year or site-to-site variation in survival; repeating this experiment over several years and sites would be optimal in assessing these possibilities.
Multiple interacting reproductive barriers
When the results of this study are taken together with previous work on reproductive isolation between lake and stream sticklebacks (e.g. Hendry et al., 2002; Bolnick et al., 2009; R€ as€ anen et al., 2012; R€ as€ anen & Hendry, 2014; Jiang et al., 2015; Marques et al., 2016; Moser et al., 2016) , it becomes clear that a combination of several (mostly weak and asymmetric) barriers to reproduction are working in concert to restrict gene flow to sometimes very low levels. Analogous patterns have been found in some other well-studied systems. For example, nine different barriers each make different (sometimes opposing) contributions to reproductive isolation in monkeyflowers (Mimulus spp.) that ultimately combine to generate total reproductive isolation of between 0.997 and 0.999 (Ramsey et al., 2003) . Similar outcomes have been documented in other plants (e.g. Chari & Wilson, 2001; Husband & Sabara, 2004; Kay, 2006) and in invertebrates (Nosil et al., 2003; Nosil, 2007) , but are rare overall (Rundle & Nosil, 2005) . Future work in sticklebacks (and in general) would benefit from an approach that concurrently evaluates many potential barriers in a single system.
